We evaluate the nanosecond temporal evolution of tens of thousands of positive discharges in a 16 cm point-plane gap in high purity nitrogen 6.0 and in N 2 -O 2 gas mixtures with oxygen contents of 100 ppm, 0.2%, 2% and 20%, for pressures between 66.7 and 200 mbar. The voltage pulses have amplitudes of 20 to 40 kV with rise times of 20 or 60 ns and repetition frequencies of 0.1 to 10 Hz. The discharges first rapidly form a growing cloud around the tip, then they expand much more slowly like a shell and finally after a stagnation stage they can break up into rapid streamers. The radius of cloud and shell in artificial air is about 10% below the theoretically predicted value and scales with pressure p as theoretically expected, while the observed scaling of time scales with p raises questions. We find characteristic dependences on the oxygen content. No cloud and shell stage can be seen in nitrogen 6.0, and streamers emerge immediately. The radius of cloud and shell increases with oxygen concentration. On the other hand, the stagnation time after the shell phase is maximal for the intermediate oxygen concentration of 0.1% and the number of streamers formed is minimal; here the cloud and shell phase seem to be particularly stable against destabilization into streamers.
Introduction

Streamer inception and its relevance
When the high voltage on an anode rises within (tens of) nanoseconds in air, discharge structures emerge that are very far from equilibrium and from the stationary state [1] [2] [3] [4] . Streamer discharges are well-known as they also occur if the voltage rises more slowly, or even when dc voltage is applied. Nanosecond-resolved ICCD photography has shown that air streamers in pulsed discharges start from so-called inception clouds [5, 6] that initially form around strongly curved electrodes. When the voltage pulse lasts for only tens to hundreds of nanoseconds, the discharge may consist essentially of the inception cloud only. If the voltage pulse lasts longer, the inception cloud destabilizes and determines diameters and velocities of the emerging streamers. These stages of evolution are illustrated in figure 1.
So the inception cloud is the first stage of electric breakdown near a sharp electrode in a pulsed discharge in air, and the streamer channels emerge from it and extend further into regions with lower electric fields due to the electric field enhancement at their tips. In both, inception cloud and streamer, the electrons have energies in the eV regime while the gas remains mainly cold.
In industrial practice, transmission lines and electrodes in high voltage apparatus are elaborately designed to avoid streamer discharges, because streamers can lead to electrical energy loss, produce audible noise and radio interference or initiate dangerous short-circuits [8] [9] [10] . On the other hand, many chemically active species can be more energy-efficiently generated by streamers than by hot discharges like sparks. So streamer discharges are widely used in gas and water cleaning, ozone generation, and so on [11] [12] [13] . For the same reason, nanosecond pulsed discharges are very effective in generating chemical radicals for the ignition of combustible mixtures [14, 15] . Many researchers have investigated the macroscopic and microscopic mechanisms of streamer inception in order to either suppress or facilitate it. We will here make a step forward by analysing tens of thousands of discharges quantitatively under varying controlled conditions.
Discharge development
When a high voltage is suddenly applied to a sharp electrode in a nitrogen-oxygen mixture like air, the local electric field can increase to values above the breakdown field, i.e. to a field value in which electrons multiply as the impact ionization reaction creates more electrons than are lost due to attachment to oxygen If there are free electrons available, e.g. due to cosmic radiation, radioactivity or previous discharge activity, they will increase in number,. Negative oxygen ions can also be a source of free electrons, where − O 2 dominates at atmospheric pressure, and the detachment field for electrons from − O 2 is similar to the breakdown field. This is how plasma builds up in regions above the breakdown field [16] [17] [18] which will be denoted as E c below.
As plasma builds up, charges separate and space charge effects set in. This happens in the inception cloud as well as in a streamer. In particular, the space charge layer around a long streamer channel will greatly enhance the electric field in front of its tip and suppress it in the conducting interior. If the enhanced electric field at the streamer tip stays above the breakdown value, the streamer will continue to propagate. But for a positive streamer to propagate with velocities comparable to electron drift against the electron drift direction, some electrons must be available in front of the streamer head. Their sources can be pre-ionization caused by natural ionization sources or by a laser [19] , by leftover ionization of previous discharges, or by photoionizing radiation from the active ionization region of the streamer head [20] [21] [22] .
Inception and development of streamers have been studied by many researchers. They mainly focus on the inception voltage or the electric field of streamers under nanosecond pulsed voltage, on lightning or switching impulse voltage or dc voltage [23] [24] [25] [26] [27] [28] . And empirical or theoretical inception criteria are derived under different conditions. However, the detailed discharge evolution is still little investigated and understood. An important stage of development before the streamer emergence is the growth and break-up of the quasispherical inception cloud that forms around a sharp electrode [5, 21, 22 ].
Previous studies on inception clouds and streamer formation in pulsed discharges
1.3.1. Inception cloud. The term inception cloud was introduced by Briels et al [5] when they studied positive streamer inception in air at 100 and 400 mbar with nanosecond resolved photography with a voltage rise time of 25 ns. They found that the inception cloud developed into a growing shell and eventually broke up into streamers as illustrated in figure 1 ; here it should be noted that cloud, shell and streamers are the bright parts of the discharge where impact ionization is active at this stage of evolution; electric current can also flow in the dark parts. We remark that on uncommented pictures an inception cloud cannot easily be distinguished from a glow discharge at the electrode tip, but the glow is stationary while the inception cloud is strongly transient [3, 6] .
Tardiveau et al [29] investigated nanosecond pulsed discharges in air with a 1.6 cm point-plane gap. The rise time of the voltage was 2-3 ns and the amplitude was +43 kV. When the pressure ranged between 1 bar and 3 bar, the discharge developed from what they call a diffuse pattern to a streamer mode. The so-called diffuse mode bears large similarities with the inception cloud observed earlier by Briels et al [5, 6] , and the authors discuss a shell-like structure as well. For even higher pressures, the constriction and the branching of the discharge get stronger. Pechereau et al [30] recently observed essentially the same structure as Briels in figure 6 of [6] , when they applied a voltage of 16-30 kV with a rise time of 2 ns to a 1 cm point-plane gap in atmospheric air. They observed an initially spherical ionization structure that due to the proximity of the opposite plate electrode developed into a conical discharge, while they did not relate their observation to the inception cloud concept that includes space charge effects. They also present 2D cylindrically symmetric simulations that reproduce the structure.
We remark that negative pulsed discharges in air form very prominent inception clouds as well that might not break up into streamers at all [31] , this is related to the fact that lateral electron drift suppresses field enhancement in negative streamers and makes them more difficult to form [32] .
The influence of small changes in voltage rise time on the positive inception cloud has been investigated by Clevis et al in pure nitrogen [33] . They found that discharges with a shorter voltage rise time form a larger inception cloud and The initial stages of evolution of a pulsed positive discharge in air before the stage of streamer propagation: inception cloud (left), shell (middle) and destabilization of the shell into streamer channels (right). As will be shown later, a longer stagnation time can elapse until the cylindrical symmetry of cloud and shell are broken and streamer channels emerge. The time intervals of image exposure are indicated in the panels. Light is emitted from regions where additional ionization is created by electron impact during the opening time of the camera gate. A voltage pulse of 35 kV and of 130 ns duration is applied through the upper needle electrode to artificial air at 200 mbar. The electrode is the same as in the present investigation.
have a lower average velocity. They relate the lower average velocity to the larger inception cloud that grows more slowly than the streamers and also stagnates before breaking up into streamers. Therefore a longer inception cloud stage with a larger cloud will cause a lower average velocity.
In general, inception clouds form before many pulsed positive streamer discharges, but they are most prominent in air. In gases like pure nitrogen and pure argon the inception cloud seems to break up quickly if it forms at all; this is probably related to the gas dependence of breakdown dynamics above the breakdown field [16] [17] [18] . In fact, in the present paper we will find that in high purity nitrogen no inception cloud is formed at all.
The theoretical maximum size of the cloud and shell is estimated in [21, 33] . The inception cloud is approximated as spherical and ideally conducting. The electric field E on the surface of a perfectly conducting sphere is U/R for radius R and applied voltage U. The cloud can continue to grow until the electric field on its surface equals the breakdown field E c of the gas. Therefore the maximal radius R max of the shell can be estimated as R max = U/E c . The measured shell size in artificial air is somewhat smaller than the theoretical radius, as we will also quantify later in this paper. The deviation of measurements from this theoretical approximation can be due to the non-spherical shape of the cloud, to its finite conductivity, and to the fact that the electron density created behind the ionization front depends on the electric field and vanishes when the breakdown field is reached; therefore the latest growth stage might not be visible.
Streamers in different nitrogen-oxygen mixtures.
Nijdam et al [21] studied the influence of the oxygen ratio in nitrogen-oxygen mixtures on the morphology of fully developed streamer channels. They investigated pure nitrogen and nitrogen with 20%, 0.2% and 0.01% oxygen and found that the inception cloud was hardly visible in pure nitrogen. Remarkably, the experimental results showed that the average streamer velocity is similar for all nitrogen-oxygen mixtures, despite their very different morphology. Furthermore, the influence of background ionization was investigated in [22] by varying the voltage pulse repetition frequency and by using a radioactive admixture. In the experiments, a Blumlein pulser was used to create a rectangular voltage pulse with a rise time of about 10 ns and length of about 130 ns. With the repetition rates increasing from 0.01 Hz to 10 Hz, the inception clouds become smaller. Simultaneously, the streamers become longer and thicker.
Similarity laws between discharges at different pres-
sures. Another important aspect in streamer investigations are the scaling laws relating discharges at different gas densities [6, [34] [35] [36] [37] [38] . Thin streamers in laboratory experiments at pressures of 10 to 1000 mbar and large scale sprites at pressures as low as 10 μbar high up in the atmosphere show many physical similarities. The mean free path λ of the electrons determines the length scales in the streamer tip; it is inversely proportional to the molecular density n, λ ~ 1/n. Over this length the electron gains the energy eEλ in a local electric field E. The energy should be compared to the ionization threshold of the gas molecules on which the electron impacts and is thus independent of n. Therefore at different densities n with the same reduced electric field |E|/n, the discharges are physically similar when lengths, times, velocities and densities are rescaled with appropriate factors. However, the validity of the scaling laws is limited to the fast two-body processes in the impact ionization front at the streamer tip, where charged particles collide with the neutral molecules of the background gas. On the other hand, electron loss and electron storage in negative ions proceed either through two-body or through three body processes, forming O − or − O 2 , depending on air density [18, [39] [40] [41] . For a discussion of further corrections due to the presence of electrodes, to the discrete particle fluctuations and so on, we refer to [35] .
Contents of the paper
In this paper, we present experiments on the detailed temporal evolution of inception clouds and their break-up into streamers in gases with varying nitrogen-oxygen ratio, pressure and under different voltage amplitudes and rise times. In contrast to earlier studies, we present extensive statistics over tens of thousands of discharges which allow us to pinpoint generic behaviour and the range of fluctuations. Section 2 discusses experimental set-up and methods, section 3 the main experimental results, and section 4 a discussion of evolution stages and physical mechanisms.
Experimental setup and methods
The discharges are generated in a point-plane electrode configuration with a gap distance of 16 cm. The electrodes are placed in a vacuum vessel that maintains the high purity of the investigated gases. The set-up was described in detail in [21] . In our experiments, nitrogen 6.0 (i.e. with less than 1 ppm total impurities) and N 2 -O 2 gas mixtures with oxygen contents of 100 ppm, 0.2%, 2% and 20% were investigated, mostly at 100 mbar and always at room temperature. A gas flow of 400 sccm was pumped into the vessel during the measurements in order to replace the gas every 25 min at 100 mbar.
The voltage pulses were produced by the so-called C-supply circuit that was treated extensively in [42] . In this circuit a capacitor is charged by an external dc voltage supply through a charge resistance. After the spark gap, which is connected to one side of the capacitor, is triggered by a thyristor switch, a positive voltage at the other end of the capacitor is applied to the electrode tip. The generated voltage pulses have amplitudes of +20, 26 or 30 kV, rise times of 20 or 60 ns and durations at half maximum of 10 μs; they are applied with repetition frequencies of 0.1, 1 or 10 Hz. A sketch of the voltage pulses is included in figure 2 . The current through the plane electrode is measured by a 50 Ω shunt impedance. The bandwidth of the current measurement system has been determined to be at least 35 MHz.
The positive discharges are imaged by an ICCD camera with variable times for opening and closing the image intensifier of the camera, and voltage, current and the camera internal gate signal are recorded. In almost all measurements presented here, the camera gate opens before the discharge starts. As there can be a jitter of tens of nanoseconds between the voltage rise and the discharge inception, we define the discharge time for an image as the time between the measured rise of the second current pulse and the camera gate closure. The first current pulse is the capacitive current due to the voltage rise and the second one is the current due to the discharge inception. This is illustrated in figure 3 where a typical voltage and current waveform are shown together with the camera timing. In this way, one obtains an accurate relationship between the longest discharge propagation distance and the elapsed time since inception. We remark that the large time delay between the voltage rise and the discharge inception in figure 3 is exceptional and that the average delay is tens of nanoseconds.
The synchronizing procedure is performed as the following steps. First the initial trigger of each streamer discharge is created by a function generator. The signal from the function generator is converted to an optical signal and then sent through an optical fiber into the high voltage setup. Then the spark gap can be triggered to apply voltage to the tip. In the meantime, the initial signal is used to fire the ICCD camera and to trigger the oscilloscope to record the voltage and current waveform. Only one picture per discharge can be taken due to the long read-out time of the camera, of the order of 1 fps. Important is the opening and the closing time of the camera relative to voltage and current signal that can be adjusted with nanosecond precision. A detailed analysis of the timings and delays has been performed in [43] .
Over 10 000 ICCD discharge images with varying camera gate closure time were taken to obtain the results presented here. All images presented in the figures have been optimized by changing contrast to get a better visual quality. The approach is similar to [2, 5, 33, 44] . But the number of evaluated images is much larger. In each image the longest discharge propagation distance as measured from the tip was automatically selected, and its length was calculated in Matlab. The longest lengths of these discharges are then plotted as function of the discharge time, giving very accurate information on average discharge development and jitter. Figure 4 shows representative discharge images in 100 mbar artificial air (80% N 2 and 20% O 2 ) at a voltage amplitude of +20 kV, a voltage rise time of 20 ns and a pulse repetition frequency of 1 Hz. These parameters will be our standard setting in this paper, and later we will vary individual parameters separately. After 44 ns a large inception cloud has formed that slowly increases further. It destabilizes and forms streamers after about 300 ns. These streamers reach the planar electrode after 600-700 ns.
Experimental results
General development of the discharge
Similar developments were observed previously in [3, [5] [6] [7] 33] . While the photographs in figure 4 show the integrated light emission intensity since the start of the discharge, those earlier publications show in time resolved images (see figure 1 ) that light is emitted first from a growing cloud around the tip, and later from a shell around the previous cloud, i.e. ionization first occurs in a compact volume and later in an ionization front at the edge of the cloud, indicating that the electric field in the cloud is now largely screened. The shell then eventually breaks up into streamers whose largely varying diameters and velocities [42, 45] are determined by the properties of inception cloud and shell. In the time integrated images of figure 3, this development can be deduced from the changes from one image to the next. In particular, the cloud stagnates and hardly emits light between 100 and 300 ns which is reflected by the fact that the time integrated images don't change when the discharge time increases.
We remark that figure 4 also shows a few streamers emerging from the upper part of the electrode tip. We assume that these streamers do not influence the development and break-up of the inception cloud.
We now use 700 images on average with different gate times to quantify the discharge development as a function of the discharge time. Note that each image is from a different discharge event as the ICCD camera has a limited frame rate. The jitter between different discharges under the same conditions can be read from the discharge development plot as shown in figure 5.
Effect of voltage pulse
Voltage rise time.
Here we study the influence of the voltage rise time on the discharge development in artificial air. The voltage rise time of the C-supply can be varied by changing a resistor. The longest discharge propagation distance as a function of the discharge time T since the start of the discharge is plotted in figure 5 for rise times of 20 and 60 ns. (Distance and time were defined in section 2.)
Initially the inception cloud develops very rapidly with a velocity of about 1.0 × 10 6 m s −1 , and then the shell expands with a velocity decreasing to 9.2 × 10 4 m s −1 , up to a radius of about 55 mm from the tip. We define the maximal shell radius R max in these measurements as the radius where the velocity changes clearly. Sometimes a stagnation can be seen after the shell phase. Then streamers emerge and propagate with a velocity of 3.6 × 10 5 m s −1 towards the planar electrode. The break-up of the inception cloud is a stochastic process and has a jitter of approximately 100 ns under the present conditions.
In the early stage the inception cloud expands a bit faster for the faster rise time of 20 ns. Moreover, these discharges appear to form a more stable inception cloud that breaks up later though the voltage at the time of break-up is the same. For the 20 ns rise time, the initial fast growth stage of the discharge (which is the inception cloud phase) takes place when the voltage has already reached its maximal value, while the voltage is still increasing in the case of the 60 ns rise time. Therefore, the electric field is higher for 20 ns rise time during the initial stages of cloud formation. It can create a higher electron density and conductivity in the inner part of the cloud, allowing the cloud surface to be closer to equipotential. With a 60 ns voltage rise time the inception cloud grows more slowly, but breaks up earlier. The average streamer velocity v s is similar (3.6 × 10 5 m s −1 ) for the two rise times. The velocity measured here is less than the average discharge velocity (8.0 × 10 5 m s −1 ) in [33] since an even faster rise time of 10 ns was used there. Again the inception cloud is first growing rapidly and then decelerates. Its maximal radius now reaches 85 mm. Then the cloud breaks up, and in most cases it forms a single streamer on the symmetry axis that then propagates towards the cathode plane. Meanwhile many small branches emerge at the lateral edge of the cloud. At 20 kV amplitude the streamers from the edge of the cloud reach the plane earlier in most cases. For the higher voltage amplitudes the inception cloud is so close to the cathode plane that the electric field is largely enhanced in this direction. Therefore the streamers initiate more easily in that region than from the lateral edge of the inception cloud. . Moreover, for higher voltages the stagnation of the inception cloud is much less pronounced and its break-up appears less stochastic in nature. The discharge propagation distance on the lateral side of the inception cloud is plotted in figure 7(b) . The region of these lateral measurements is indicated with dashed and dotted lines in figure 6. After the inception cloud phase, the lateral streamers start a bit later, but during 20-200 ns, they appear to catch up with the central ones and thus to propagate faster. The clearest difference can be seen between 300 and 350 ns, where the central streamers make their final jump to the cathode. During this phase, the lateral streamers propagate more slowly than those in the center of the gap, and sometimes they stop propagating altogether.
Effect of pressure and pulse frequency
Before changing the nitrogen oxygen ratio in section 3.4, we will change the gas composition slightly in two other ways. First, we will change pressure. As discussed in the introduction, an ionization front should propagate in essentially the same manner, but photo-ionization is a bit enhanced at lower pressures [46] . However, the relative importance of two-body versus three-body processes in, e.g. electron loss and gain rates ahead of the streamer and in the streamer channel differs. In this context we will also investigate whether the discharges scale with pressure. Second, we will change the pulse repetition frequency which influences density and distribution of the ion density remaining from the previous discharge. (We remark that the electron density remaining from the previous discharge should be negligible at these repetition frequencies in air [19] .)
Pressure.
Here the voltage is kept fixed at 20 kV and the pressure is increased. Figure 8 shows the morphology of the streamers for pressures of 66.7, 100 and 125 mbar. At higher pressure the inception cloud is smaller, and the number of streamers breaking out of the inception cloud is smaller.
The discharge development is plotted in figure 9 . The measured sizes of the clouds and shells are about 87, 55, and 35 mm for the three pressures. The time of the break-up decreases with increasing pressure, but the jitter of this time increases. The velocity of the streamers is roughly the same. 
Investigation of scaling with pressure.
Streamer diameters generally scale well with gas density n [6, 38] when field and gas density are changed while the reduced electric field |E|/n is kept constant. We will investigate now the scaling of the whole discharge development. The measured pressure p is proportional to n according to the ideal gas law as our experiments were all performed at room temperature. The background electric field strength is proportional to the voltage amplitude U. Therefore we use the ratio U/p as substitute for the reduced electric field |E|/n in our laboratory experiments, and investigate the discharge development by changing the maximal voltage amplitude U p and the pressure p by the same factor. The results are plotted in figure 10 . The size of the cloud and shell is nearly the same for the three different U p and p combinations with the same value of U p /p. But for higher U p and p the whole evolution is faster: the clouds form and break up more rapidly, and the streamers are faster. We will give a physical interpretation of this nontrivial fact in section 4. Furthermore, the jitter of the break-up time is less, not only in absolute numbers, but even relative to the breakup time.
Repetition frequency.
Since the discharges produce high ionization levels, they can increase the level of background ionization for subsequent discharges [20, 22] . In gas mixtures with high oxygen concentrations, ionization is mostly present in the form of negative and positive ions near STP conditions on a time scale of seconds. Clearly these background ionization levels change with repetition rate [22] .
The discharge development at 0.1, 1, and 10 Hz repetition frequency is plotted in figure 11(a) for otherwise the same parameters as before. For 10 Hz and 1 Hz repetition frequencies the cloud and shell grows up to a maximal radius of about 55 mm while for 0.1 Hz its maximal size is about 45 mm. Furthermore, at this repetition frequency some discharges do not grow any further as no streamers emerge from the inception cloud. This is shown in figure 11(b) where the number of streamers breaking out of the inception cloud is plotted as a histogram. For 0.1 Hz repetition frequency, there are only two streamers on average while for 1 and 10 Hz, there are about 6. One can conclude that at the higher frequencies inhomogeneously distributed background ionization from the previous discharge plays a role in destabilizing the inception cloud.
Effect of N 2 -O 2 ratio
In order to investigate the influence of oxygen concentration, we use nitrogen-oxygen mixtures with oxygen concentrations of 20% (artificial air), 2%, 0.2%, 100 ppm (N 2 4.0) and 1 ppm (N 2 6.0). Figure 12 shows the typical photographs with a long gate time of about 1000 ns. Similar figures were shown in [21] for different voltage and pressure.
For 2% and 0.2% O 2 the size of inception cloud and shell is almost as large as for artificial air. It decreases to 31 mm in N 2 4.0 while hardly any inception cloud can be distinguished in N 2 6.0. This last observation is investigated in more detail in figure 13 by zooming in to the region around the tip that is indicated by the dashed white rectangle in figure 12(a) , and by using a shorter exposure time. Two bright spots can be seen on the tip in the first image during the time interval of 3-5 ns, which might imply that there are already separate streamers initiating from the tip instead of a smoothly expanding cloud. On the other hand, in the next two images during 9-17 ns, there is a cloud like structure. There is some randomness in these early images and sometimes the edge of the cloud is irregular and sometimes smooth. However, no shell-like ionization fronts emerge as described by Briels et al [5] in air, and illustrated in figure 1 ; this seems to indicate that space charge effects do not play an important role in N 2 6.0 before the streamer stage. Rather many streamers appear directly from the small cloud within a few nanoseconds. This phenomenon is different from Clevis's findings [33] . There the inception cloud in nitrogen 6.0 was likely to form and grow to a larger size. However, they used a higher voltage of 25 kV, a shorter rise time of 10 ns and a higher repetition rate of 5 Hz instead of our 1 Hz. The research results shows that the inception voltage is higher for faster rise times [23] . The faster rise time and higher voltage amplitudes in Clevis's experiments will create a higher electric field around the tip. In that large overvolted region. More electron avalanches may be produced and thus the inception cloud is more likely to form.
Furthermore, figure 12 shows that many streamers emerge from the cloud in 0.01% O 2 . But in 0.2% O 2 and 2% O 2 usually less than 3 streamers break up from the inception cloud while in artificial air the streamer number increases. We will now quantify these observations. Figure 14 shows how the discharges develop in different N 2 -O 2 mixtures. In the high purity nitrogen (N 2 6.0), the discharges propagate at an average velocity of 5.7 × 10 5 m s −1 throughout the gap. While the earlier plots in air all showed stagnation between the development of the inception cloud and the formation and propagation of streamers, here no stagnation is visible: after an initial fast growth the discharges decelerate to a constant velocity in the streamer phase. This is consistent with the observation that deceleration and stagnation appear during and after the shell phase in air, and that there is no shell phase visible in the high purity nitrogen. When the streamers have almost reached the cathode plate they make a short jump across the final gap, due to the proximity of the electrode that enhances the electric field ahead of the tip further and provides electrons by secondary emission. In N 2 4.0 a small delay between the growth of the inception cloud and its break-up can be seen, but it is mostly hidden in jitter. In gas mixtures with higher oxygen concentrations, the inception cloud develops at a similar velocity at first, then their velocity decreases largely during the shell phase. After this stagnation phase the cloud breaks up into separate streamers that propagate with a typical velocity around 3.6 × 10 5 m s −1 . In the mixtures with the intermediate oxygen concentrations of 2% and 0.2%, the stagnation time becomes as long as 300-700 ns; moreover the jitter is of similar size and in a large number of cases the inception cloud does not break up at all until the end of the measurement. The stagnation time decreases to about 240 ns for the highest oxygen concentration of 20%, the jitter to 80 ns, and the inception cloud always breaks up.
The growth velocities of the inception clouds in the first tens of nanoseconds before stagnation are quite similar for all gas mixtures, and they are always larger than the streamer velocities.
The streamer stagnation time as a function of oxygen concentration is plotted in figure 15(a) . It is shortest in pure nitrogen and has a maximum of 520 ns at 0.1% oxygen. The jitter of streamer break-up time is also the largest at 0.1% oxygen approximately. Figure 15(b) shows a histogram of the number of break-up streamers as a function of oxygen concentration for concentration of 0.2%, 2% and 20%. N 2 6.0 and N 2 4.0 are not included because there are so many breakup streamers that they overlap and cannot be counted easily. While the streamer stagnation time is maximal for the intermediate oxygen concentration of 0.1% or 0.2 %, the number of streamers formed after break-up is minimal, 1 on average. This indicates that inception cloud and shell are particularly stable at these intermediate oxygen concentrations.
Discussion and interpretation
The discharge develops in general in a sequence of inception cloud, shell formation, discharge stagnation and break-up into streamers, except in the high purity nitrogen where streamers seem to form rather immediately. in air cannot become larger than U p /E c where E c is the breakdown field. This field can be approximated as E c = 32 kV cm −1 · p/1 bar in air at room temperature where p is pressure. We consider the tip as the center of cloud or shell, and then we measure the maximal radius in different directions. Table 1 shows the measured and predicted sizes of the clouds in air for varying voltage amplitude U p and pressure p.
First, the data confirm that the size of the cloud and shell obeys the similarity laws with pressure: the size depends only on U p /p. Second, the theoretical estimate is typically 8-14 % larger than the measured value, with the exception of the case (20 kV, 125 mbar) where the measured value is 30 % smaller.
That U p /E c is larger than the measured size, can be related to the fact, that (1) the estimate assumed that the full voltage U on the electrode is also on the outer boundary of the cloud, while there might be a potential drop within the cloud so that the real voltage on the boundary is smaller, and that (2) in the final growth phase the electric field at the outer boundary of the cloud is very close to the breakdown field; in this case very little ionization is created in the ionization front, and the faint luminescence might not be captured by the camera. Furthermore, the cloud is, of course, not perfectly spherical as the electrode needle enters from one side.
The size of cloud and shell is also studied in nitrogen oxygen mixtures with lower and down to vanishing oxygen content. With decreasing oxygen concentration, the inception cloud becomes less pronounced until at the highest purity of nitrogen it seems not to exist at all. This different behaviour occurs because oxygen can store electrons by attachment and release them later again by detachment when the electric field exceeds the detachment threshold [16] [17] [18] . Nonlocal photo-ionization in nitrogen-oxygen mixtures further helps in making the discharge smoother.
Shell formation and stagnation.
When the discharge develops further, the electrons drift in the high field towards tip and leave positive ions behind in the cloud. This charge separation decreases the electric field near the tip, and thus the ionization activity in this region decreases and stops eventually when the local field drops below the breakdown value. While the interior of the cloud gets electrically screened, the electric field in the outer region increases, actually to the value E = U/R if the cloud of radius R is sufficiently conducting to transfer the complete tip voltage to its edge. If this electric field outside the cloud is above the breakdown value, the ionization reaction now continues in a shell-like region around the original cloud. In this manner the ionization transits from a bulk reaction in the cloud towards an ionization front in the shell that expands until the electric field on the surface reaches the breakdown value. The shell grows always slower than the initial cloud, it slows down towards the end of its evolution and transits into a stagnation phase. The stagnation indicates that the cloud has reached its maximal size, but that the symmetry breaking into streamers does not take place easily. But in pure nitrogen, there is no shell formation, i.e. no space charge effects in the cloud. Rather the ionization avalanches directly form streamers, without cloud and shell formation and stagnation.
The velocities and their scaling with p.
The initial growth of the cloud is the fastest stage of the discharge development. It is of the order of 10 6 m s −1 . The fast initial growth is due to the high Laplacian field around the tip, which reaches 150 kV cm −1 at the tip for an applied voltage of 20 kV before the discharge starts (as calculated by Comsol Multiphysics). The oxygen ions can release free electrons in the small region where the field is larger than E c ; they initiate avalanches in the whole overvolted region, as recently simulated quantitatively with a 3D particle model in [16] [17] [18] . The growth at this stage probably occurs everywhere inside the region instantaneously. The shell phase, on the other hand, is probably similar to an ionization front. Now for the same reduced electric field |E|/n, or for the same U/p, the ionization front in the shell phase should have a velocity independent of n or p [37] . On the other hand, electron impact ionization and electron detachment from oxygen ions scale with the collision frequency which is proportional to p, i.e. the time scale of local avalanche growth scales like 1/p. It is therefore surprising to see in figure 10 , where p varies while U p /p is fixed, that the scaling of cloud and shell phase seems to be just exchanged: the growth velocity of the initial cloud phase is independent of p (also when zooming into the figure), while the velocity in the shell phase scales roughly like 1/p. This means that scaling with p works well for the size of the cloud, but not for its growth velocity. This observation will require future theoretical investigations. We finally remark that the different streamer velocities in figure 10 (appearing for discharge propagation distances larger than R max ) are consistent with the fact that the streamer velocity increases with its reduced radius [45, 47] . Figure 16(b) shows that the streamer stagnation time is almost the same for the three voltage amplitudes and the jitter decreases not much with the voltage. This confirms that the stagnation time is not influenced by the voltage amplitude though the inception cloud has a larger size for higher voltage. Furthermore, it can be inferred that the inception cloud develops at a higher velocity for higher voltage.
The influence of the repetition frequency is also shown in figure 16(b) . The average stagnation time is quite similar for the three repetition rates. But the jitter of the stagnation time decreases with the repetition frequency. At lower repetition frequency less ionization is left behind from the previous discharge and the ionization level is estimated in [22] . Accordingly there are less free or attached electrons to initiate streamers at the edge of the inception cloud. At higher repetition frequency the background ionization level is enhanced which may facilitate the formation of streamers. This would explain the smaller jitter of streamer break-up time.
Number of streamers formed.
A histogram of the number of streamers that emerge directly from the inception cloud at three repetition frequencies in 100 mbar air is shown in figure 11(b) . The number of break-up streamers increases with repetition rate. But at 1 Hz and 10 Hz the distributions of streamer numbers are similar. If the ion diffusion is considered, the distribution of ionization is more homogeneous at lower repetition rate up to the point when the ion density is too low [22] . It can be inferred that the inhomogeneous background ionization creates more streamers breaking up from the inception cloud. Figure 15 (b) shows a histogram of the number of breakup streamers as function of oxygen concentration for concentrations of 0.2%, 2% and 20%. The number of break-up streamers reaches a minimum for 0.2% oxygen. These two results imply that the cloud is more stable at lower repetition rate or intermediate oxygen ratio, therefore it will break up in less streamers.
Conclusion
We have evaluated tens of thousands of pictures of the early stages of positive nanosecond pulsed discharges near a needle electrode in nitrogen-oxygen mixtures. There is a characteristic sequence of stages: first a rather spherical inception cloud is formed in the overvolted region (that some authors have called a diffuse discharge before). Then light is emitted from a shell around the previous cloud, which clearly indicates that the shell phase is driven by space charge effects. The radius of cloud and shell together is about 10% smaller than its theoretical maximum predicted by the ratio of applied voltage and breakdown field U p /E c . Then the discharge can stagnate after the shell phase until the symmetry is broken and streamers emerge; in some cases no streamers emerge at all.
There are characteristic differences between discharges in different nitrogen oxygen ratios. The size of the inception cloud decreases somewhat with decreasing oxygen ratio, and in the purest nitrogen no cloud seems to exist at all, rather streamers seem to emerge immediately near the electrode. Furthermore, the delay between discharge inception and streamer break-up also depends on oxygen concentration: the average stagnation time reaches its maximum value at approximately 0.1% oxygen, and the number of emerging streamers is the smallest; this indicates that the cloud is dynamically the most stable at this intermediate oxygen concentration. The streamer stagnation time roughly scales with 1/p regardless of the voltage, which indicates that it scales with the collision frequency of electrons and ions with molecules. An ionization front would have a velocity independent of p if the local reduced field |E|/p is the same. We remark that the length scales of the discharges agree well with predictions on scaling with pressure p, while the time scales raise questions, cf. section 4.1.3.
The different structures formed for different oxygen content can be roughly related to the following: first, oxygen can store electrons from previous discharges through attachment and release them when the local electric field exceeds the detachment value, and the oxygen ions are less mobile than free electrons; therefore electrons are more easily available at the next discharge pulse at higher oxygen content, and the memory of the previous discharge structure is more easily preserved. Second, the mixture of nitrogen and oxygen supports nonlocal photo-ionization which makes the discharges smoother. A more quantitative theoretical investigation of these observations is currently in preparation. 
